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ABSTRACT 
There is a need for a more comprehensive understanding of how disinfectants, applied to 
control biofouling of reverse osmosis (RO) membranes, react with the polymeric active layer and 
affect membrane performance as a result. This work investigates structural and performance 
changes to the SW30HR RO membrane exposed to seawater disinfected with monochloramine. 
Batch experiments with RO membranes were conducted to determine the effect of secondary 
oxidizing agents formed from the reactions of monochloramine with bromide and iodide on 
membrane structure. Membrane coupons were exposed to varying concentrations of 
monochloramine (2, 20 and 200 mg/L as Cl2) in synthetic seawater containing proportional 
levels of bromide (65, 650 and 6,500 mg/L) and iodide (0.06, 0.6 and 6 mg/L) and various 
contact times to achieve target exposures. Batch experiments also exposed membranes to real 
seawater treated with monochloramine (2 mg/L as Cl2) for 68 days. Rutherford back-scattering 
spectrometry (RBS) and ATR-FTIR analyses revealed structural changes corresponding to 
transformations of reverse osmosis membrane polymers including halogenation of the polyamide 
active layer and polysulfone support near the interface with the active layer.  
  iii 
ACKNOWLEDGEMENTS  
I would like to express my sincere gratitude to my advisor Professor Benito J. Mariñas 
for his support and advice throughout the course of this study. 
Thank you to Tennie Renkens for introducing me to the field of membranes and sharing 
her expertise and knowledge during her time as a Master’s student at the University of Illinois. I 
am also thankful to Ana Martinez for providing guidance and Sarah Bassett, an undergraduate 
researcher, who assisted with several experiments in this study. I also thank the rest of my fellow 
students in the Mariñas research group. 
Thank you to my collaborators on this project from King Abdullah University of Science 
and Technology, Thomas Maugin and Professor Jean-Philippe Croué. 
A special thanks goes to Doug Jeffers at the Center for Microanalysis of Materials and 
Cate Wallace and Scott Robinson at the Imaging Technology Group who trained me in the use of 
equipment for materials characterization and helped me in the analysis of samples. 
Thank you to Veolia Environnement, the Water Desalination and Reuse Research Center 
at King Abdullah University of Science and Technology, and the WaterCAMPWS, a Science and 
Technology Center of Advanced Materials for the Purification of Water with Systems, for their 
financial support.  
I am indebted to my family and friends who supported me throughout this process. 
Without their constant love and support, this thesis would not have become a reality. 
  
  iv 
TABLE OF CONTENTS 
INTRODUCTION ......................................................................................................................... 1 
RUTHERFORD BACKSCATTERING SPECTROMETRY ................................................................... 6 
ATR-FTIR .................................................................................................................................. 9 
SECONDARY ELECTRON IMAGING (SEM)/ ENERGY DISPERSIVE SPECTROSCOPY (EDS) ..... 10 
OBJECTIVES ............................................................................................................................... 11 
MATERIALS AND METHODS ................................................................................................ 12 
MEMBRANES .............................................................................................................................. 12 
SEAWATER SOLUTIONS ............................................................................................................. 12 
Synthetic Seawater Solutions ................................................................................................. 12 
Real Seawater ......................................................................................................................... 12 
CHEMICAL PREPARATION ......................................................................................................... 13 
Monochloramine .................................................................................................................... 13 
Phosphate and Borate Buffer Solutions ................................................................................. 13 
ANALYTICAL TECHNIQUES ....................................................................................................... 13 
Rutherford Backscattering Spectrometry (RBS) .................................................................... 13 
ATR-FTIR ............................................................................................................................... 14 
Secondary Electron Imaging (SEM)/ Energy Dispersive Spectroscopy (EDS) ..................... 14 
RESULTS AND DISCUSSION .................................................................................................. 15 
RBS: SYNTHETIC SEAWATER EXPERIMENTS .......................................................................... 15 
Membrane Active Layer ......................................................................................................... 15 
Membrane Support ................................................................................................................. 17 
RBS: NATURAL SEAWATER EXPERIMENTS ............................................................................. 19 
Membrane Active Layer ......................................................................................................... 19 
Membrane Support ................................................................................................................. 21 
ATR-FTIR ................................................................................................................................ 22 
SCALING ISSUES ......................................................................................................................... 23 
CONCLUSIONS .......................................................................................................................... 25 
REFERENCES ............................................................................................................................ 27 
APPENDIX .................................................................................................................................. 31 
 
 
  
 1 
INTRODUCTION 
Membrane separation processes are a promising technology to produce safe drinking 
water because they provide a physical barrier for a broad range of contaminants. In principle, a 
semi-permeable medium allows water to flow through while blocking the passage of dissolved 
inorganic salts, and some organic solutes. In comparison to other membrane filtration processes, 
reverse osmosis is the most selective. The ability for reverse osmosis membranes to be both 
highly selective and durable is attributed to their polymeric, thin film composite construction. 
DOW FILMTEC SW30HR membranes, which were used in this study, consist of a fully 
aromatic polyamide active layer formed by interfacial polymerization on top of polysulfone 
support film (Cadotte and Peterson 1981). A layer of non-woven polyester fibers under the 
polysulfone support is used to provide protection against mechanical deformation (DOW Form 
No. 609-02004-504). 
The interfacial polymerization process controls several important parameters that affect 
water permeability and solute rejection. The reaction controls the formation of functional groups 
and, therefore, membrane charge (Freger 2003). Renkens (2012) used a heavy element probe, 
Ag+, to characterize the SW30HR membrane and found that the total concentration of carboxylic 
groups was CT,R-COOH=0.047 M. The analysis also revealed a bimodal distribution of stronger and 
weaker acids at corresponding fractions !!= 0.3, !!=0.7 with respective acid-base equilibrium 
constants pKa1=5.3, and pKa2=8.89 (Renkens 2012). These results agree relatively well with the 
parameters !!= 0.19, !!=0.81, pKa1=5.23, and pKa2=8.97 obtained in an earlier study for the 
FT30 membrane (Coronell et al. 2008). Coronell et al. 2008 also used tungstate ion as a probe to 
quantify the positively charged amine groups and determined the isoelectric point of the active 
layer to be at pH~4.7. 
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 In addition to affecting membrane charge, the concentration of functional groups affects 
the pore size distribution (Petersen, 1993). The FT30 membrane has been determined to have a 
bimodal pore size distribution corresponding to the bimodal distribution of carboxylic groups. 
Aggregate pores are the larger spaces in between polymer aggregate particles, and network pores 
are the small spaces between polymer segments inside each aggregate particle. The aggregate 
and network pore radii were reported to be in the ranges 3.5-4.1 Å and 1.4-2.3 Å, respectively 
(Kim et al. 2005).  
The third parameter influenced by interfacial polymerization is the degree of polymer 
cross-linking. Using results from heavy ion probe experiments, Coronell et al. (2008) calculated 
the degree of polymer cross-linking to be 0.945, where the degree of polymer cross-linking is 
equal to one for a fully cross-linked polymer. The chemical formula for a fully cross-linked fully 
aromatic PA is (C36H24N6O6)n, and the corresponding structure of the repeating unit is shown in 
Figure 1a.  A partially cross-linked fully aromatic PA would have a chemical formula 
(C36H25N6O7)x or (C36H25N6O6)y due to the presence of carboxylic or amine groups, respectively 
(Coronell et al. 2008).  
The chemical structure of polysulfone in the support is shown in Figure 1b. Together, the 
active and support layers plus the polyester fabric, shown in Figure 2, are stacked and rolled into 
cylindrical units, known as spiral-wound elements, and this is how RO membranes are typically 
applied for water treatment. 
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Figure 1. Chemical structures of the repeating units for the a) fully aromatic polyamide-
C36H24N6O6; and b) polysulfone C27H26O6S. 
 
 
Figure 2. Schematic and SEM images of a membrane cross-section. SEM image adapted 
from Mi et al. 2006. 
A more widespread use of membrane technology for water treatment is limited due to 
operational problems and failure that result from fouling. Fouling is the accumulation of 
unwanted materials on the membrane surface in contact with the feed water. There are various 
types of foulants including mineral salts, particulates, organic material, and microorganisms 
(Potts et al. 1981). Although different types of fouling can occur simultaneously, fouling 
a) b) 
Polysulfone Support ~50 µm 
Polyester Fabric 
Polyamide Active Layer ~250 nm 
!"#$%&'(#)$*(+#
!"#$%#&'(#)**+#
FT30!
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prevention and control depends on the feed water characteristics.   
Biofouling, or the formation of a biological film, is often controlled with the application 
of disinfectants to the feed water. However, oxidizing agents commonly used as water 
disinfectants and some of their associated byproducts could lead to membrane degradation. Since 
most commercial reverse osmosis membranes have a similar composition consisting of a thin 
polyamide active layer on top of a thicker polysulfone support, they are susceptible to similar 
damage. The disinfectant must effectively disinfect the feed stream while minimizing 
disinfection byproducts with the unintended effect of damaging the membrane material.  
The effects of free chlorine, a common water disinfectant, on the membrane structure and 
performance have been studied but are not fully understood (Glater et al. 1994, Soice et al. 2002, 
Kwon and Leckie 2006, Kang et al. 2007, Shemer and Semiat 2010, Ettori et al. 2011, Do et al. 
2102). Generally, these studies conclude that chlorine exposure compromises membrane 
integrity by causing irreversible damage to the polyamide.  
In addition, the mechanisms that lead to morphological and chemical changes have also 
been studied, and it has been concluded that the amide nitrogen atoms and the aromatic rings are 
susceptible to chlorination (Glater et al. 1994, Soice et al. 2002, Koo et al. 2008). In the first 
mechanism shown in Figure 3, chlorination of the amide oxygen (a) is followed by rapid 
rearrangement to from the N-chloro product (b). Kawaguchi and Tamura concluded N-chloro 
amides have limited stability making amide nitrogen chlorination a reversible reaction 
(Kawaguchi and Tamura 1984). 
Ring chlorination can occur by two reaction pathways: direct aromatic substitution and 
Orton Rearrangement as shown in Figure 3. The Orton Rearrangement step is preceded by amide 
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nitrogen chlorination and involves intermolecular rearrangement so that the chlorine atom 
occupies either the ortho or para positions in the final product (Glater et al. 1994). This 
mechanism is generally accepted as the pathway by which the polyamide is chlorinated. 
 
Figure 3. Ring halogenation of a polyamide. (a) The halogen ion, indicated by the “X+” 
species bonds to the amide oxygen followed by (b) rapid rearrangement to form the N-halo 
compound and finally (c) Orton rearrangement resulting in the halogen bonded to the ring 
in the ortho or para position (Glater et al. 1994). 
 
Although free chlorine or bleach is a common water disinfectant, it is likely to produce 
disinfection byproducts (Tanaka 1994) and damage membrane materials. Monochloramine is an 
alternative, weaker disinfectant. The effects of monochloramine on the polyamide have also been 
studied (Avalontis et al. 1992, Gabelich et al. 2002, Gabelich et al. 2005, Silva et al. 2006, 
Shemer and Semiat 2010, Cran et al. 2011). Though less aggressive, monochloramine is thought 
to chlorinate the polyamide through the same mechanism of N-Cl formation followed by the 
Orton rearrangement. However, in the presence of ferrous iron, the formation of amidogen 
radical (•NH2) may also play a role in the degradation (Gabelich et al. 2002, and Gabelich et al. 
2005).  
In addition to the oxidative damage incurred by monochloramine, chloramines are 
inherently unstable and can undergo reactions with other inorganic and organic substances as 
well as auto-decomposition (Vikesland et al. 2001). Monochloramine can react with bromide and 
a) b) c) 
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iodide ions that are inherently present in seawater according to the reactions presented in Table 
1. 
Table 1. Possible reactions between monochloramine and chlorine, bromine, and iodine 
containing compounds in water seawater. 
Reaction Rate Constant Source 
NH2Cl+H2O"HOCl+NH3 7.6×10-2 h-1 Vikesland et al. (2001) 
HOCl+ NH2Cl" NHCl2+H2O 1.0×106 M-1h-1 Vikesland et al. (2001) 
NHCl2+H2O" NH2Cl+HOCl 2.3×10-3 h-1 Vikesland et al. (2001) 
NH2Cl+H+1  NH3Cl+ K= 28 M-1 Vikesland et al. (2001) 
HOCl+Br-"HOBr+Cl- 5.1×105 M-1h-1 Vikesland et al. (2001) 
HOBr+NH2Cl"NHBrCl+H2O ‘fast’ Vikesland et al. (2001) 
HOCl+I-"HOI+Cl- 4.3×108 M-1s-1 Bichsel and Von Gunten (1999) 
NH2Cl+ I-"HOI 2.4×1010× [H+] M-2 s-1 Bichsel and Von Gunten (1999) 
 
Gabelich et al. (2005) indicated that the active germicidal and oxidation properties of 
chlorine were attributed to the +1 oxidation state of the chlorine atom in HOCl, OCl-, and 
NH2Cl. It is also suggested that the formation of Cl(I) is the primary driver in polyamide 
membrane chlorination reactions (Gabelich et al. 2005). Due to the similarity in properties and 
behavior, it is reasonable to assume that bromine or iodine in the +1 oxidation state also drive 
bromination and iodination reactions of the polyamide membrane.  
RUTHERFORD BACKSCATTERING SPECTROMETRY 
Rutherford Backscattering Spectrometry (RBS) is an analytical technique that provides 
elemental compositional information as a function of depth within the membrane layers. It is 
essentially an ion scattering technique involving elastic collisions between ions (helium in this 
study) and sample nuclei. The helium beam is accelerated and directed towards the exposed 
sample surface. The beam collides with sample nuclei, and as a result, the helium ions are 
scattered with specific energies depending on the mass and depth of the atom.  
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A detector measures the energy of the backscattered ions, and this produces separate 
peaks or plateaus on a plot of measurement count vs. energy. Because the energy is conserved in 
the elastic collisions, heavier elements present in a sample result in backscattered ions with high 
energy, while lighter elements scatter ions with less energy. RBS also provides depth 
information because the ions lose energy as they travel into and out of the sample. This means 
that an ion scattered at a greater depth experiences an additional energy loss on its way into and 
out of the sample in comparison to a similar back scattering event closer to the sample surface 
(Mayer 2002).  
The commercial simulation software (SIMNRA) (Max-Planck-Institut fur Plasmaphysik, 
Garching, Germany) was used for RBS spectra analysis. By measuring the height of each peak or 
plateau, relative concentrations are determined and further converted to absolute, molar 
concentrations. 
While X-ray photoelectron spectroscopy (XPS) is commonly used to characterize 
membrane active layers, it only characterizes the elemental composition in the top 5 nm of 
external surface. Bartels (1989) concluded that the elemental composition of membrane active 
layers could vary as a function of layer depth, and XPS results could not compositionally 
represent the membrane layers as a function of depth. Alternatively, the depth penetration of 
RBS is approximately 2 µm; thus, both the active layer and top portion of the support can both 
be characterized. Mi et al. (2007) also concluded that RBS analysis provides accurate 
information on the elemental composition of the polymeric active layer and support of RO 
membranes providing that the helium ion fluence remains below a certain threshold.  
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Figures 4 and 5 show RBS spectra results for pristine SW30HR membrane and 
polysulfone. Note the nitrogen and oxygen peaks in the polyamide distinguishing it from the 
polysulfone, which does not contain an active layer that includes nitrogen and oxygen. 
 
Figure 4. RBS characterization of a pristine SW30HR membrane. Elements are labeled as 
they appear in the spectra. Raw data points obtained during RBS analyses are denoted 
using symbols, and simulated data curves obtained using SIMNRA are illustrated with 
solid lines. 
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Figure 5. RBS characterization of pristine polysulfone. Elements are labeled as they appear 
in the spectra. Raw data points obtained during RBS analyses are denoted using symbols, 
and simulated data curves obtained using SIMNRA are illustrated with solid lines. 
 
ATR-FTIR 
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is 
commonly used to assess changes in functional groups of polymeric membranes. FTIR 
spectroscopy uses polychromatic radiation to excite molecular bonds. Molecular vibrations are 
induced by infrared radiation absorption. Hooke’s Law relates the bond strength and atomic mass 
to the vibrational frequency (wavenumber) at which absorption occurs. Specific peaks or bands 
in the IR spectrum correspond to specific functional groups, and relative absorbances indicate the 
abundance of various functional groups (Griffiths and Haseth 1986).  
There are three characteristic peaks for a fully aromatic polyamide. Peaks at 1663 cm–1 
and 1541 cm-1 are known as the amide I and amide II bands, respectively. A peak at 1609 cm–1 
corresponds to the aromatic amide (Tang 2008). Detailed descriptions of the molecular bond 
vibrations that correspond to each wavenumber are summarized in Table 2. A number of other 
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peaks are related to polysulfone. Assignments for these peaks are also presented in Table 2. 
Table 2. Peak assignment for FTIR spectra over wave number 1800–800 cm–1. 
 Wavenumber (cm-1) Peak Assignment 
Polysulfone 
~1587, 1504, 1488 Aromatic in-plane ring bend stretching vibration 
1385–1365 C–H symmetric deformation vibration of >C(CH3)2 
1350-1280 Asymmetric SO2 stretching 
~1245 C-O-C asymmetric stretching vibration of the aryl-O-aryl group 
1180-1145 Symmetric SO2 stretching vibration 
~830 In-phase out-of-plane hydrogen deformation of para-substituted phenyl groups 
Fully 
aromatic 
polyamide 
1663 
amide I band (C=O stretching (dominant), C–N stretching, 
and C–C–N deformation vibration in a secondary amide 
group) 
1609 Aromatic amide (N-H deformation vibration or C=C ring stretching vibration 
1541 Amide II band (N-H in-plane bending and N-C stretching vibration of a secondary amide group) 
 
SECONDARY ELECTRON IMAGING (SEM)/ ENERGY DISPERSIVE SPECTROSCOPY 
(EDS) 
Secondary electron imaging provides information about morphology and surface 
topography. In this high-resolution imaging technique, a thermal emission source generates a 
beam of incident electrons. The electron beam collides with sample atoms causing electrons to 
be emitted from the sample. Detectors measure the secondary electron and backscattered 
electrons that are ejected from the sample (Goldstein et al. 2003).  
For SEM to work effectively, samples analyzed must be electrically conductive and 
grounded to prevent the accumulation of charge at the surface. To prevent this charging 
phenomenon from occurring, nonconductive materials must be sputter-coated with a thin layer of 
an electrically conductive material such as gold/palladium or carbon. 
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The SEM is also equipped with to perform light-element energy dispersive spectroscopy 
(EDS). In this technique, X-rays displace inner shell electrons, which are replaced by other outer 
shell electrons, and excess energy is emitted as an X-ray quantum. The depth penetration 
depends on the sample density and increases with increasing electron energy. Software is used to 
generate plots of counts vs. x-ray energy and obtain relative composition data from specific 
locations on the sample (Goldstein et al. 2003). 
OBJECTIVES 
The objectives of this study were to (1) investigate structural changes in membrane active 
and support layers resulting from membrane exposure to varying monochloramine and 
proportional bromide or iodide concentrations (i.e., equal CT values were achieved by using 
shorter contact times with higher concentrations and vice versa); (2) assess whether 
monochloramine reacts with the polysulfone support; and (3) investigate these phenomena when 
membranes are exposed to real seawater, naturally containing bromide and iodide, that is 
disinfected with monochloramine. 
Two types of experiments were performed for this phase of the research. First, 
membranes were subject to identical exposures that were achieved by varying the 
monochloramine concentration and contact time. Second, membranes were continuously 
exposed to the same concentration of monochloramine for various contact times. Despite 
changes to the monochloramine concentration, the ratios of [NH2Cl]:[Br-]:[I-] were maintained. 
The concentrations of 2 mg/L NH2Cl, 65 mg/ L Br-, and 60 µg/L I- were selected because it is 
common for seawater treatment facilities using monochloramine to control biofouling to apply 2 
mg/L as Cl2 of monochloramine. Since RO is most commonly used for desalting applications, 
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the concentrations of bromide and iodide are representative of seawater- 65 and 0.06 mg/L, 
respectively (Cotruvo 2005). 
MATERIALS AND METHODS 
MEMBRANES 
Batch experiments were performed with SW30HR (Dow FilmTec Co., USA) thin-film 
composite RO membrane coupons.  This membrane consists of three unique layers: a polyester 
support, a microporous polysulfone interlayer, and a thin polyamide barrier layer. Additionally, 
Sepro PS-100 polysulfone membrane coupons (Sepro Membranes, Oceanside, CA) were used in 
the batch experiments to emulate the polysulfone support layer of the SW30HR membrane. 
Membrane coupons were rinsed in Nanopure water with 18 MΩ-cm resistivity (Thermo 
Scientific Barnstead Dubuque, IA) for at least 24 hours prior to use. 
SEAWATER SOLUTIONS  
SYNTHETIC SEAWATER SOLUTIONS 
Synthetic seawater solutions were prepared according to Methods of Seawater Analysis 
(Grasshoff et al. 1999). Sodium chloride, sodium sulfate, potassium chloride, sodium 
bicarbonate, boric acid, magnesium chloride hexahydrate, and calcium chloride dihydrate were 
dissolved in 18 MΩ-cm Nanopure water. Potassium bromide and potassium iodide were added at 
doses corresponding to the desired Br- or I- concentration in solution. Solutions were adjusted to 
the desired pH of 7.8 or 8.3 using HCl or NaOH. 
REAL SEAWATER 
Seawater was collected in August 2011 from Flying Point Beach in Water Mill, New 
York (40.54° N, 72.2° W) (Renkens 2012).  Seawater was adjusted to the desired pH using HCl 
or NaOH. 
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CHEMICAL PREPARATION 
MONOCHLORAMINE 
Ammonium chloride solutions were prepared by dissolving ammonium chloride in 18 
MΩ-cm Nanopure water. The stock NaOCl concentration ranged from 0.73-0.78 M and was 
determined by measuring the UV absorbance at 291 nm and using a molar absorptivity of 350 
cm-1. Monochloramine solutions were prepared daily at an N:Cl molar ratio of 1.1:1 by slowly 
pipetting NaOCl solution into the NH4Cl solution, which was continuously mixed using a 
magnetic stir plate. The concentration of monochloramine was determined by measuring the UV 
absorbance at 243 nm in a spectrophotometer (Shimadzu UV-2401PC or UV-2501PC). 
Absorbance values were converted to concentrations using the Beer-Lambert law molar 
absorptivity of 433 cm-1. 
PHOSPHATE AND BORATE BUFFER SOLUTIONS 
Phosphate and borate buffer solutions were prepared by dissolving monosodium and 
disodium phosphate salts or boric acid, respectively, in 18 MΩ-cm Nanopure water. The total 
buffer concentration was 15 mM in each case. Solutions were adjusted to the desired pH of 7.8 
or 8.3 using HCl or NaOH. 
ANALYTICAL TECHNIQUES 
RUTHERFORD BACKSCATTERING SPECTROMETRY (RBS) 
Following batch experiments, membrane coupons were air-dried for at least 24 hours and 
analysed using RBS. Samples were adhered to the sample stage using double-sided thermal 
conductive tape (T410 material, Marian, Chicago, IL). 
The 2 MeV helium beam with a 3 mm diameter was generated with a Van de Graaf 
accelerator (High Voltage Engineering Corp., Burlington, MA) and directed towards the exposed 
membrane active layer. The stage was continuously moved to avoid compromising membrane 
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integrity by exceeding the helium ion fluence threshold (Mi et al. 2007). Approximately 1000 
counts of carbon were collected for each sample. The incident angle, exit angle, and scattering 
angle of the He+ beam were 22.5°, 52.5°, and 150°, respectively.  
The commercial software SIMNRA (Mayer 1998) was used to analyze the sample spectra 
and obtain relative compositional information and atomic density (1015 atoms/cm2) of the active 
and support layers. The spectra were normalized to the sulfur plateau at an arbitrary value of 300. 
The relative composition data was used to calculate to molar concentrations of bromine and 
iodine in the active layer using Equation 1 (Coronell et al. 2011) 
Br = ε!"!   ×    !!"!!!!!!!,!,!,!",!                     and                     I = ε!!  ×    !!"!!!!!!!,!,!,!",!           Equation 1 
where !!!, Mi, and ρPA=1.24 g/cm3 are the elemental fraction of element i, molar mass of element 
i, and dry density of polyamide, respectively. 
ATR-FTIR 
FTIR was performed with a Nexus 670 FTIR spectrometer (Thermo Nicolet Corporation 
Madison, WI) equipped with a smart golden gate single-reflection diamond ATR accessory, 
DTGS-KBR detector, KBr beam-splitter. Additionally, an IR source of 45° was used.  
SECONDARY ELECTRON IMAGING (SEM)/ ENERGY DISPERSIVE SPECTROSCOPY (EDS) 
An FEI Philips XL30 ESEM-FEG (FEI Company Hillsboro, OR) was used to capture 
high-resolution images of the surface topography. Prior to analysis, air-dried samples were 
sputter coated for 40 seconds with an Au/Pd in a Denton Desk II TSC turbo-pumped sputter 
coater (Denton Vacuum, Moorestown, NJ). The samples were adhered to an aluminium puck 
using carbon conductive tape and striped with silver paint, which serves as a conduit for the 
excess electrons. An accelerating voltage of 5.0 kV, spot size of 3.0 and working distance of 10 
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mm were used during the imaging process. The accelerating voltage and spot size were increased 
to 10.0-20.0 keV and 4.0 for the EDS analysis. EDAX digital control software was used to 
collect the spectra and obtain the semi-quantitative compositional data. 
RESULTS AND DISCUSSION 
RBS: SYNTHETIC SEAWATER EXPERIMENTS 
MEMBRANE ACTIVE LAYER 
RBS analyses conducted before and after membrane exposure to chloraminated seawater 
revealed two principal features: a bromine peak at roughly 1.65 MeV and an iodine peak at 
approximately 1.7 MeV. These peaks are evident in Figure 6 as well as Figures A.1, A.3, and 
A.5 of the Appendix, which show the RBS characterization of several membranes exposed to 
synthetic seawater containing bromide and iodide proportional to the disinfectant applied. 
Bromine and iodine peaks correspond to the presence of bromide and iodide in the seawater 
solutions indicating halogenation of the polyamide active layer. The absence of such peaks in the 
control samples exposed to non-chlorinated seawater indicate1121 that halogenation resulted 
from the interaction between monochloramine and bromide or iodide. 
Bromination of the active layer is consistent with the formation of NHBrCl (Trofe et al. 
1980). Furthermore, the bromine atom of NHBrCl has been found to be very reactive so that 
products of the reaction between NHBrCl and organic material in water is likely to be 
characteristic of those produced by bromine rather than chlorine (Vikesland et al. 1986). In 
addition, iodination of the active layer is consistent with the production of HOI (Bischel and Von 
Gunten 1999) from the reaction of monochloramine with iodide. 
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Figure 6. RBS characterization after SW30HR membrane exposure to synthetic seawater 
(6,500 mg/L Br and 6 mg/L I) disinfected with 200 mg/L NH2Cl as Cl2. Control experiment 
exposes membrane to synthetic seawater containing equivalent levels of bromide and iodide 
but no disinfectant. Raw data points obtained during RBS analyses are denoted using 
symbols, and simulated data curves obtained using SIMNRA are illustrated with solid 
lines. 
As shown in Table 3, halogenation increases with increasing monochloramine 
concentration despite identical exposures in synthetic seawater. The non-proportional 
relationships suggest that the halogenation occurs very quickly and approaches a maximum level 
after relatively short exposures. Using the repeating unit for the fully aromatic polyamide, 
C36H24N6O6, the molar concentrations of bromine and iodine in Table 3 correspond to 7.9-83 
percent of the polyamide having one bromine addition or C36H23N6O6Br, 1.5-17 percent being in 
the form C36H23N6O6I, and the rest remaining in its original form C36H24N6O6. This suggests that 
there is approximately one halogen attached to each repeating unit of the fully aromatic 
polyamide.  
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Table 3. Experimental conditions and resulting polyamide bromine and iodine 
concentrations obtained using RBS. 
 
MEMBRANE SUPPORT 
To investigate the effects of chloraminated seawater on the support of the SW30HR 
membrane, Sepro polysulfone coupons were simultaneously exposed to the same conditions as 
the SW30HR membranes. RBS analyses conducted before and after exposure to seawater treated 
with monochloramine reveal a bromine peak at roughly 1.65 MeV and an iodine peak at 
approximately 1.7 MeV. These peaks are illustrated in Figure 7 as well as Figures A.2 A.4, A.6.  
The presence of peaks indicates that a small, thin layer in the topmost portion of the support is 
halogenated. However, the halogenation occurs to a much lesser extent in comparison to the 
 [NH2Cl] [I-] Added [Br-] Added Contact Time Exposure PA [Br] PA [I] 
 (mg/L as Cl2) (mg/L as I) (mg/L as Br) 
(hours or 
days*) (mg×h/L) (M) (M) 
Sy
nt
he
tic
 S
ea
w
at
er
 
200 6 6,500 
0.24 48 0.26 ± 0.02 0.21 ± 0 
0.96 192 1.02 ± 0.13 0.18 ± 0 
1.92 384 1.10 ± 0 0.16 ± 0 
20 0.6 650 
2.4 48 0.12 ± 0.02 0.18 ±0.01 
9.6 192 0.37 ± 0.01 0.24 ± 0 
19.2 384 0.41 ± 0.04 0.19 ± 0.01 
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membrane active layer. Note the size of the peak and scale of the y-axis in enlarged section of 
Figure 5. The levels of bromination and iodination correspond to less than 1 percent of the 
polysulfone having one bromine or iodine addition, and the remainder of the polysulfone has the 
repe ating unit C27H26O6S. 
 
Figure 7. RBS characterization after polysulfone membrane exposure to synthetic seawater 
(6,500 mg/L Br and 6 mg/L I) disinfected with 200 mg/L NH2Cl as Cl2. Control experiment 
exposes membrane to synthetic seawater containing equivalent levels of bromide and iodide 
but no disinfectant. Raw data points obtained during RBS analyses are denoted using 
symbols, and simulated data curves obtained using SIMNRA are illustrated with solid 
lines. 
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RBS: NATURAL SEAWATER EXPERIMENTS 
MEMBRANE ACTIVE LAYER 
Similar results were observed after membranes were exposed to real seawater treated 
with monochloramine. Again, RBS analyses suggest that both bromide and iodide containing 
compounds react with the active layer polymers. Bromine and iodine peaks, illustrated in Figure 
8, correspond to the incorporation of the halogens into the membrane structure. Halogenation 
occurred quickly and appeared to reach a maximum by about 3,000 mg×h/L. It is important to 
keep in mind that even the longest experimental CT is relatively short in comparison to the 
operational lifespan of a membrane, which is expected to exceed 3 years (DOW FilmTec 
Membranes Tech Manual Excerpt).  
 
Figure 8. RBS characterization before and after membrane exposure to natural seawater 
disinfected with 2 mg/L NH2Cl as Cl2. Raw data points obtained during RBS analyses are 
denoted using symbols, and simulated data curves obtained using SIMNRA are illustrated 
with solid lines. 
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As shown in Table 3, levels of bromination are consistent with those observed in the 
synthetic seawater experiments. These concentrations correspond to 58-85 percent of the 
polyamide having one bromine addition or C36H23N6O6Br, approximately 1 percent being in the 
form C36H23N6O6I, and the rest remaining in its original form C36H24N6O6 suggesting again that 
there is approximately one halogen attached to each repeating unit of the fully aromatic 
polyamide.  In comparison to the synthetic seawater experimental results, the observed active 
layer iodine concentrations are much lower. This is attributable to the fact that once I- is oxizided 
to HOI it can react with NOM, naturally found in seawater, to form iodaorganic compounds or 
undergo reduction back to I- (Bichsel and Von Gunten 1999). The chemistry of NHBrCl is not 
well understood, but it is suggested that bromochloramine only reacts with the slow reactive sites 
for organic matter (Alsulaili 2009), so the presence of NOM does not largely impact the 
interaction between bromide and the polyamide. 
Despite the dissimilarity in exposures, the experimental results suggest that higher 
concentrations of monochloramine and proportional levels of bromide and iodide can be used to 
achieve similar levels of polyamide active layer halogenation in comparison to exposure 
achieved with low disinfectant concentrations for contact times. Membranes exposed to 2 mg/L 
as Cl2 of NH2Cl in natural seawater resulted in the incorporation of 1.2 M of halogens. This same 
level of halogenation is also observed following membrane exposure to 200 mg/L as Cl2 of 
NH2Cl in synthetic seawater containing proportional levels of bromide (6,500 mg/L Br) and 
iodide (6 mg/L I). Increased levels of monochloramine, bromide, and iodide can in fact be used 
to simulate the longer-term chemical effects to reverse osmosis membrane polymers resulting 
from disinfection with monochloramine. 
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MEMBRANE SUPPORT 
 Sepro polysulfone coupons were also used to emulate the support in the experiments 
conducted with natural seawater. Polysulfone coupons were simultaneously exposed to the same 
conditions as the SW30HR membranes. RBS analyses conducted before and after exposure to 
chloraminated seawater revealed bromine and iodine peaks, analogous to the synthetic seawater 
results. These peaks are illustrated in Figure 9.  Again, the observation of peaks in the RBS 
spectra indicates that a small thin layer at the top portion of the support is halogenated. 
Compared to the membrane active layer, the extent of halogenation is much less in the support. 
The levels of halogenation correspond to less than 1 percent of the polysulfone having one 
bromine or iodine addition. 
 
Figure 9. RBS characterization before and after polysulfone membrane exposure to natural 
seawater disinfected with 2 mg/L NH2Cl as Cl2. Raw data points obtained during RBS 
analyses are denoted using symbols, and simulated data curves obtained using SIMNRA 
are illustrated with solid lines. 
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ATR-FTIR 
Modifications to the polyamide structure are verified with ATR-FTIR analyses. The IR 
spectra for SW30HR membranes exposed to seawater disinfected with monochloramine are 
shown in Figure 10. All IR spectra collected from all experimental conditions can be found in 
Figures A7-A10 in the appendix of this report. Analysis of the membranes before and after 
exposure shows a decrease in the amide II band (1541 cm-1) for N-H bending and N-C stretching 
(Tang 2008) indicating halogen interactions with the amide hydrogen. Additionally, the peak 
intensity at 1609 cm-1, representative of aromatic N-H deformation and C=C stretching (Tang 
2008) diminishes. Together, these suggest that monochloramine and its by-products react with 
the polyamide in a similar manner to HOCl where ring halogenation is preceded by formation of 
CON-X (Koo 2008, Do 2012, Ettori 2011, Kwon 2006, Kwon 2008). 
 
Figure 10. ATR-FRIR spectra before and after membrane exposure to synthetic and 
natural seawater disinfected with monochloramine. FTIR spectra for all samples can be 
found in the appendix. 
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SCALING ISSUES 
Several RBS spectra revealed calcium incorporation into the membranes. A comparison 
of spectra containing and omitting calcium can be found in Figures A11 and A12 of the 
Appendix. These events were observed more frequently in the absence of bromide in solution or 
at a higher pH (8.3 compared to 7.8). After further investigation with secondary electron imaging 
and energy dispersive spectroscopy as shown in Figure 11, the calcium was determined to be 
calcium phosphate precipitating onto the membrane surface, a phenomenon known as scaling. 
 
Figure 11. SEM images of (a) pristine membrane and (b) corresponding EDS spectra 
compared with membrane with (c) calcium phosphate precipitation and its (d) 
corresponding EDS spectra. 
It was also determined that the pH strongly influences the precipitation phenomenon. 
Decreasing the pH from 8.3 to 7.8 inhibits precipitation. Additionally, NH2Cl appears to react 
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with Br- in solution resulting in a pH drop from 8.3 to 7.7 after 24 hours, which explains why the 
phenomenon was more commonly observed in the absence of bromide. It is the decrease in pH 
that inhibits precipitation rather than the actual presence of bromide. 
This issue was addressed by switching from using a phosphate buffer solution to a borate 
buffer solution to prepare monochloramine. However, this problem was not resolved in all cases 
as several RBS spectra continued to reveal the presence of calcium. In this case, the precipitate 
was found to be calcium carbonate as shown in Figure 12.  
 
Figure 12. SEM image of (a) membrane with calcium carbonate precipitation and its (b) 
corresponding EDS spectra. 
In order to prevent calcium carbonate precipitation, the seawater pH in all subsequent 
experiments was lowered to 7.8. No additional RBS results indicated the presence of calcium 
suggesting that precipitation was inhibited. 
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CONCLUSIONS 
	   This research focuses on the interactions and effects of monochloramine, a disinfectant 
applied to control biofouling, with the polymeric active layer and support of reverse osmosis 
membranes. Although membrane exposure to free chlorine has been studied more extensively, 
this is the first attempt to elucidate the effects of secondary oxidizing agents produced from the 
reaction between monochloramine and bromide and iodide ions. 
The goal of this research was to investigate structural changes in membrane active and 
support layers resulting from exposure to monochloramine in real and synthetic seawater 
solutions containing bromide and iodide. This was achieved by conducting batch exposure 
experiments followed by RBS, ATR-FTIR, and SEM/EDS analyses to reveal structural and 
morphological changes to the membrane material. 
Results show that disinfection of seawater containing bromide and iodide results in 
polyamide halogenation. Additionally, the topmost portion of the support also becomes 
halogenated but to a much lesser extent in comparison to the polyamide. The halogenation is 
observed to occur quickly and appears to reach a maximum level after relatively short contact 
times. However, the halogenation that results is not proportional to the disinfectant exposure, or 
CT (concentration × contact time). In other words, equivalent CT values achieved by using 
shorter contact times with higher disinfectant concentrations and vice versa do not result in 
equivalent levels of polyamide halogenation. Nevertheless, a high level of halogenation can be 
reached by applying 200 mg/L NH2Cl to seawater containing elevated levels of bromide (6,500 
mg/L) and iodide (6 mg/L) for a contact time of two hours. 
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Halogenation occurs in both synthetic and natural seawater solutions containing bromide 
and iodide. It is possible to achieve similar levels of bromination in synthetic and natural 
seawater. However, under the experimental conditions used in this study, active layer iodine 
concentrations after monochloramine exposure in natural seawater were much lower in 
comparison to exposure in synthetic seawater. This is accredited to the reactive iodine 
compounds in water reacting with natural organic matter rather than the membrane polymers. 
Structural changes are confirmed by ATR-FTIR analyses. Decreases in the aromatic 
amide and amide II bands suggest that monochloramine and its by-products react with the amide 
nitrogen and ultimately result in ring halogenation. IR spectral changes were observed after 
exposure to both natural and synthetic seawater solutions treated with monochloramine. 
While calcium phosphate and calcium carbonate scaling were not anticipated in this 
research, the results illustrate how RBS combined with SEM/EDS results can be used to study 
onset of membrane scaling and present a potential area for future research. 
In conclusion, multiple analytical techniques reveal structural changes corresponding to 
transformation of reverse osmosis membrane polymers including halogenation of the polyamide 
active and polysulfone support layers. There is a need to improve our understanding of how these 
structural changes affect membrane performance over time with a specific emphasis on product 
water quality. Additional research on this topic will allow a more comprehensive understanding 
of the consequences of membrane halogenation and possibly provide insight as to how 
membrane damage due to chlorination can be prevented. 
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APPENDIX 
 
 
Figure A1. RBS characterization after SW30HR membrane exposure to synthetic seawater 
(6,500 mg/L Br and 6 mg/L I) disinfected with 200 mg/L NH2Cl as Cl2. Control experiment 
exposes membrane to synthetic seawater containing equivalent levels of bromide and iodide 
but no disinfectant. Raw data points obtained during RBS analyses are denoted using 
symbols, and simulated data curves obtained using SIMNRA are illustrated with solid 
lines. 
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Figure A2. RBS characterization after polysulfone membrane exposure to synthetic 
seawater (6,500 mg/L Br and 6 mg/L I) disinfected with 200 mg/L NH2Cl as Cl2. Control 
experiment exposes membrane to synthetic seawater containing equivalent levels of 
bromide and iodide but no disinfectant. Raw data points obtained during RBS analyses are 
denoted using symbols, and simulated data curves obtained using SIMNRA are illustrated 
with solid lines. 
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Figure A3. RBS characterization after SW30HR membrane exposure to synthetic seawater 
(650 mg/L Br and 0.6 mg/L I) disinfected with 20 mg/L NH2Cl as Cl2. Control experiment 
exposes membrane to synthetic seawater containing equivalent levels of bromide and iodide 
but no disinfectant. Raw data points obtained during RBS analyses are denoted using 
symbols, and simulated data curves obtained using SIMNRA are illustrated with solid 
lines. 
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Figure A4. RBS characterization after polysulfone membrane exposure to synthetic 
seawater (650 mg/L Br and 0.6 mg/L I) disinfected with 20 mg/L NH2Cl as Cl2. Control 
experiment exposes membrane to synthetic seawater containing equivalent levels of 
bromide and iodide but no disinfectant. Raw data points obtained during RBS analyses are 
denoted using symbols, and simulated data curves obtained using SIMNRA are illustrated 
with solid lines. 
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Figure A5. RBS characterization after SW30HR membrane exposure to synthetic seawater 
(65 mg/L Br and 0.06 mg/L I) disinfected with 2 mg/L NH2Cl as Cl2. Control experiment 
exposes membrane to synthetic seawater containing equivalent levels of bromide and iodide 
but no disinfectant. Raw data points obtained during RBS analyses are denoted using 
symbols, and simulated data curves obtained using SIMNRA are illustrated with solid 
lines. 
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Figure A6. RBS characterization after poysulfone membrane exposure to synthetic 
seawater (65 mg/L Br and 0.06 mg/L I) disinfected with 2 mg/L NH2Cl as Cl2. Control 
experiment exposes membrane to synthetic seawater containing equivalent levels of 
bromide and iodide but no disinfectant. Raw data points obtained during RBS analyses are 
denoted using symbols, and simulated data curves obtained using SIMNRA are illustrated 
with solid lines. 
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Figure A7. Full ATR-FRIR spectra before and after membrane exposure to synthetic 
seawater disinfected with monochloramine. 
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Figure A8. ATR-FRIR spectra showing the characteristic peaks of the polyamide before 
and after membrane exposure to synthetic seawater disinfected with monochloramine. 
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Figure A9. Full ATR-FRIR spectra before and after membrane exposure to natural 
seawater disinfected with 2 mg/L NH2Cl as Cl2 of monochloramine. 
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Figure A10. ATR-FRIR spectra showing the characteristic peaks of the polyamide before 
and after membrane exposure to natural seawater disinfected with monochloramine. 
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Figure A11. RBS characterization after membrane exposure to synthetic seawater pH 8.3 
for 150 hours. Raw data points obtained during RBS analyses are denoted using symbols, 
and simulated data curves obtained using SIMNRA are illustrated with solid lines. Even in 
the absence of NH2Cl, Br-, and I-, a calcium peak is observed at approximately 1.3 MeV. 
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Figure A12. RBS characterization after membrane exposure to natural seawater pH 7.8 for 
150 hours. Raw data points obtained during RBS analyses are denoted using symbols, and 
simulated data curves obtained using SIMNRA are illustrated with solid lines. No calcium 
signal is detected. 
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Table A1. Sample schedule for experiments conducted with synthetic seawater. 
 
  
x100 Experiment 
Date   Reactors 1 and 2 
Reactors 3 
and 4 
Reactors 5 
and 6 
7-Dec 
12:00 PM Begin     
12:15 PM Sample at 0.24 hours     
12:58 PM sample at 0.96 hours     
1:55 PM sample at 1.92 hours     
 
x10 Experiment 
8-Dec 
12:00 PM 
  
Begin 
  
2:24 PM Sample at 2.4 hours 
9:36 PM sample at 9.6 hours 
9-Dec 7:12 AM sample at 19.2 hours 
 
x1 Experiment 
6-Dec 12:00 PM 
    
Begin 
7-Dec 12:00 PM sample at 24 hours 
8-Dec 12:00 PM   
9-Dec 12:00 PM   
10-Dec 12:00 PM sample at 96 hours 
11-Dec 12:00 PM   
12-Dec 12:00 PM   
13-Dec 12:00 PM   
14-Dec 12:00 PM sample at 192 hours 
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Table A2. Sample of calculations used to prepare monochloramine solutions using NH4Cl 
and NaOCl 
  
Cl2 Stock  
Solution 
NH4Cl Stock 
Solution 
g NH4Cl   2.0033 
concentration (M) 0.7190 0.749555684 
concentration (mg/L) 50,977  40,066  
 
 
Monochloramine 
Calculations N:Cl (1.1:1) 
Target MCA 
(ppm as Cl2) 
Target 
MCA (M) 
[NH4Cl] 
(M) 
[HOCl] 
(M) 
NH4Cl 
stock (M) 
HOCl stock 
(M) 
1000 0.0141 0.0310 0.0282 0.7496 0.7190 
Volume 
(L) 
 
0.05 0.025 0.025 0.0010 0.0010 
Volume 
(mL) 
 
50 25 25 1.0335 0.9795 
 
Table A3. Raw data for synthetic seawater experiments. Experimental conditions for the 
x100 experiment correspond to 200 mg/L NH2Cl as Cl2, 6,500 mg/L Br, and 6 mg/L I. 
Experimental conditions for the x10 experiment correspond to 20 mg/L NH2Cl as Cl2, 
6500mg/L Br, and 0.6 mg/L I. Experimental conditions for the x1 experiment correspond to 
2 mg/L NH2Cl as Cl2, 650mg/L Br, and 0.06 mg/L I. 
Constants *Target Stock [Monochloramine] was 1000 ppm for the x100 and x10 experiments and 100 ppm for the x1 expermiments. 
e 
Path 
Length 
(cm) 
Reactor 
Volume (mL) 
      433.19 1 100 
      
         
Experiment 
Date UV Absorbance Dilution 
UV 
Sample # 
Concentra
tion (M) 
[MCA] 
stock 
(ppm) 
Target 
[MCA] 
(ppm) 
Volume 
Added 
(mL) 
x100 12/7/12 0.724 8 S30 0.0134 949.311 200 21.068 
x100 12/10/12 0.713 8 324 0.0132 934.888 200 21.393 
x10 12/8/12 0.724 8 S30 0.0134 949.311 20 2.107 
x10 12/9/12 0.672 8 321 0.0124 881.128 20 2.270 
x1 
12/6/12 0.308 2 318 0.0014 100.963 2 1.981 
12/7/12 0.305 2 319 0.0014 99.979 2 2.000 
12/8/12 0.294 2 320 0.0014 96.373 2 2.075 
12/9/12 0.299 2 322 0.0014 98.012 2 2.041 
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12/10/12 0.306 2 323 0.0014 100.307 2 1.994 
12/11/12 0.323 2 325 0.0015 105.880 2 1.889 
12/12/12 0.307 2 326 0.0014 100.635 2 1.987 
12/13/12 0.305 2 327 0.0014 99.979 2 2.000 
	  
Table A4. Atomic concentration (atoms element/atoms PA) data from membrane exposure 
to synthetic seawater disinfected with monochloramine. Experimental conditions for the 
x100 experiment correspond to 200 mg/L NH2Cl as Cl2, 6,500 mg/L Br, and 6 mg/L I. 
Experimental conditions for the x10 experiment correspond to 20 mg/L NH2Cl as Cl2, 
6500mg/L Br, and 0.6 mg/L I. Experimental conditions for the x1 experiment correspond to 
2 mg/L NH2Cl as Cl2, 650mg/L Br, and 0.06 mg/L I. 
Sample PA 
Description RBS # 
Thickness 
[atoms/ 
cm2] 
%H %C %N %O %Cl %Br %I %Fe 
x100 0.24 192 1200 0.46 0.39 0.056 0.085 0.002 0.00285 0.0021 0 
x100 0.96 194 1200 0.44 0.40 0.058 0.085 0.001 0.0115 0.0018 0 
x100 1.92 196 1125 0.44 0.40 0.057 0.086 0.001 0.011 0.00155 0 
x100 C 198 1000 0.43 0.42 0.059 0.085 0.001 0 0 0 
x10 2.4 200 1225 0.44 0.41 0.058 0.089 0.001 0.0014 0.0019 0 
x10 9.6 202 1050 0.44 0.40 0.065 0.082 0.004 0.0039 0.0024 0 
x10 19.2 204 1100 0.45 0.40 0.058 0.085 0.002 0.0046 0.0021 0 
x10 C 206 1200 0.43 0.42 0.059 0.093 0.002 0 0 0 
x1 24 208 950 0.45 0.40 0.068 0.078 0.002 0.0012 0.00047 0 
x1 96 210 1150 0.45 0.40 0.058 0.090 0.002 0.0025 0.0014 0.0005 
x1 192 212 1000 0.45 0.40 0.060 0.080 0.001 0.0043 0.0019 0.0011 
x1 C 214 1100 0.43 0.42 0.056 0.094 0.001 0 0 0 
x100 0.24 216 1125 0.43 0.42 0.057 0.090 0.001 0.0024 0.0022 0 
x100 0.96 218 1275 0.44 0.40 0.056 0.088 0.001 0.0089 0.0018 0 
x100 1.92 220 1250 0.44 0.40 0.058 0.093 0.001 0.011 0.0016 0 
x100 C 222 1200 0.44 0.42 0.058 0.086 0.001 0 0 0 
x10 2.4 224 1150 0.44 0.41 0.056 0.095 0.001 0.0011 0.0018 0 
x10 9.6 226 1000 0.39 0.45 0.068 0.084 0.001 0.0036 0.0024 0 
x10 19.2 228 1250 0.45 0.40 0.055 0.093 0.001 0.0037 0.0018 0 
x10 C 230 1100 0.45 0.40 0.056 0.089 0.001 0 0 0 
x1 24 232 1100 0.42 0.38 0.065 0.081 0.001 0.001145455 
0.000200
455 0 
x1 96 234 1100 0.44 0.40 0.056 0.095 0.002 0.0029 0.001 0.0004 
x1 192 236 1200 0.45 0.40 0.054 0.094 0.001 0.0036 0.0011 0.0011 
x1 C 238 1100 0.45 0.40 0.058 0.095 0.001 0 0 0 
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Table A5.  Concentration data by weight (g element/g PA) from membrane exposure to 
synthetic seawater disinfected with monochloramine. Experimental conditions for the x100 
experiment correspond to 200 mg/L NH2Cl as Cl2, 6,500 mg/L Br, and 6 mg/L I. 
Experimental conditions for the x10 experiment correspond to 20 mg/L NH2Cl as Cl2, 
6500mg/L Br, and 0.6 mg/L I. Experimental conditions for the x1 experiment correspond to 
2 mg/L NH2Cl as Cl2, 650mg/L Br, and 0.06 mg/L I. 
Sample PA 
Description RBS # denominator=∑ (εi × Mi ) %H %C %N %O %Cl 
x100 0.24 192 7.340 0.063 0.638 0.107 0.139 0.007 
x100 0.96 194 7.450 0.059 0.644 0.109 0.137 0.005 
x100 1.92 196 7.453 0.059 0.644 0.107 0.138 0.005 
x100 C 198 7.707 0.056 0.654 0.107 0.132 0.006 
x10 2.4 200 7.630 0.057 0.645 0.106 0.140 0.005 
x10 9.6 202 7.593 0.058 0.632 0.120 0.130 0.017 
x10 19.2 204 7.474 0.060 0.642 0.109 0.136 0.007 
x10 C 206 7.844 0.054 0.643 0.105 0.142 0.008 
x1 24 208 7.511 0.060 0.639 0.127 0.125 0.008 
x1 96 210 7.551 0.059 0.636 0.108 0.143 0.007 
x1 192 212 7.411 0.061 0.648 0.113 0.130 0.005 
x1 C 214 7.793 0.055 0.647 0.101 0.145 0.005 
x100 0.24 216 7.744 0.055 0.651 0.103 0.139 0.005 
x100 0.96 218 7.468 0.060 0.643 0.105 0.141 0.004 
x100 1.92 220 7.557 0.058 0.635 0.107 0.148 0.003 
x100 C 222 7.699 0.057 0.655 0.105 0.134 0.005 
x10 2.4 224 7.695 0.057 0.639 0.102 0.148 0.005 
x10 9.6 226 8.116 0.048 0.665 0.117 0.124 0.003 
x10 19.2 228 7.522 0.059 0.638 0.102 0.148 0.002 
x10 C 230 7.498 0.061 0.640 0.105 0.142 0.005 
x1 24 232 7.250 0.059 0.632 0.125 0.134 0.005 
x1 96 234 7.600 0.058 0.632 0.103 0.150 0.007 
x1 192 236 7.541 0.059 0.637 0.100 0.150 0.005 
x1 C 238 7.614 0.059 0.630 0.107 0.150 0.005 
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Table A6.  Molar concentration data from membrane exposure to synthetic seawater 
disinfected with monochloramine. Experimental conditions for the x100 experiment 
correspond to 200 mg/L NH2Cl as Cl2, 6,500 mg/L Br, and 6 mg/L I. Experimental 
conditions for the x10 experiment correspond to 20 mg/L NH2Cl as Cl2, 6500mg/L Br, and 
0.6 mg/L I. Experimental conditions for the x1 experiment correspond to 2 mg/L NH2Cl as 
Cl2, 650mg/L Br, and 0.06 mg/L I. 
Sample PA 
Description RBS # 
[mol Br /g 
PA] 
[mol I /g 
PA] [mol Fe /g PA] 
density 
[g Pa/L] mol Br/L mol I/L mol Fe/L 
x100 0.24 192 2.44E-04 1.80E-04 0.00E+00 1240 0.3023 0.2227 0.0000 
x100 0.96 194 9.85E-04 1.54E-04 0.00E+00 1240 1.2213 0.1912 0.0000 
x100 1.92 196 9.42E-04 1.33E-04 0.00E+00 1240 1.1687 0.1647 0.0000 
x100 C 198 0.00E+00 0.00E+00 0.00E+00 1240 0.0000 0.0000 0.0000 
x10 2.4 200 1.20E-04 1.63E-04 0.00E+00 1240 0.1485 0.2015 0.0000 
x10 9.6 202 3.25E-04 2.00E-04 0.00E+00 1240 0.4032 0.2481 0.0000 
x10 19.2 204 3.92E-04 1.79E-04 0.00E+00 1240 0.4865 0.2221 0.0000 
x10 C 206 0.00E+00 0.00E+00 0.00E+00 1240 0.0000 0.0000 0.0000 
x1 24 208 1.02E-04 3.99E-05 0.00E+00 1240 0.1263 0.0495 0.0000 
x1 96 210 2.13E-04 1.19E-04 4.26E-05 1240 0.2643 0.1480 0.0529 
x1 192 212 3.68E-04 1.63E-04 9.42E-05 1240 0.4565 0.2017 0.1168 
x1 C 214 0.00E+00 0.00E+00 0.00E+00 1240 0.0000 0.0000 0.0000 
x100 0.24 216 2.05E-04 1.88E-04 0.00E+00 1240 0.2540 0.2328 0.0000 
x100 0.96 218 7.64E-04 1.54E-04 0.00E+00 1240 0.9468 0.1915 0.0000 
x100 1.92 220 9.44E-04 1.37E-04 0.00E+00 1240 1.1711 0.1703 0.0000 
x100 C 222 0.00E+00 0.00E+00 0.00E+00 1240 0.0000 0.0000 0.0000 
x10 2.4 224 9.41E-05 1.54E-04 0.00E+00 1240 0.1167 0.1909 0.0000 
x10 9.6 226 3.05E-04 2.04E-04 0.00E+00 1240 0.3787 0.2525 0.0000 
x10 19.2 228 3.19E-04 1.55E-04 0.00E+00 1240 0.3952 0.1923 0.0000 
x10 C 230 0.00E+00 0.00E+00 0.00E+00 1240 0.0000 0.0000 0.0000 
x1 24 232 9.77E-05 1.71E-05 0.00E+00 1240 0.1211 0.0212 0.0000 
x1 96 234 2.47E-04 8.53E-05 3.41E-05 1240 0.3066 0.1057 0.0423 
x1 192 236 3.09E-04 9.43E-05 9.43E-05 1240 0.3828 0.1170 0.1170 
x1 C 238 0.00E+00 0.00E+00 0.00E+00 1240 0.0000 0.0000 0.0000 
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Table A7. Raw data from natural seawater experiment treated with 2 mg/L NH2Cl as Cl2. 
 
Target [NH2Cl] in Reactor 
(ppm) 2 
062911 
Calibration 
Curve 
Reactor Volume (L) 0.2 e=433.19 
Path Length (cm) 1   
Dilution Factor 4   
  
Day Date A=eCL C (M)=A/eL 
Stock 
NH2Cl 
(ppm) 
UV Sample # 
Stock 
Volume 
NH2Cl 
(mL) 
 
1 9/19/11 0.263 0.00243 172.423 102 2.320 
2 9/20/11 0.298 0.00275 195.369 103 2.047 
3 9/21/11 0.28 0.00259 183.568 104 2.179 
4 9/22/11 0.193 0.00178 126.531 105 3.161 
5 9/23/11 0.287 0.00265 188.158 106 2.126 
6 9/24/11 0.285 0.00263 186.846 107 2.141 
7 9/25/11 0.28 0.00259 183.568 108 2.179 
8 9/26/11 0.289 0.00267 189.469 109 2.111 
9 9/27/11 0.289 0.00267 189.469 110 2.111 
10 9/28/11 0.281 0.00259 184.224 111 2.171 
11 9/29/11 0.285 0.00263 186.846 112 2.141 
12 9/30/11 0.29 0.00268 190.124 113 2.104 
13 10/1/11 0.287 0.00265 188.158 114 2.126 
14 10/2/11 0.291 0.00269 190.780 115 2.097 
15 10/3/11 0.302 0.00279 197.992 116 2.020 
16 10/4/11 0.301 0.00278 197.336 117 2.027 
17 10/5/11 0.343 0.00317 224.871 118 1.779 
18 10/6/11 0.305 0.00282 199.958 119 2.000 
19 10/7/11 0.298 0.00275 195.369 120 2.047 
20 10/8/11 0.284 0.00262 186.191 121 2.148 
21 10/9/11 0.296 0.00273 194.058 122 2.061 SAMPLE 
22 10/10/11 0.297 0.00274 194.714 123 2.054 
  
23 10/11/11 0.281 0.00259 184.224 124 2.171 
24 10/12/11 0.294 0.00271 192.747 125 2.075 
25 10/13/11 0.292 0.00270 191.436 126 2.089 
26 10/14/11 0.252 0.00233 165.212 127 2.421 
27 10/15/11 0.299 0.00276 196.025 128? 2.041 
28 10/16/11 0.306 0.00283 200.614 129? 1.994 
29 10/17/11 0.291 0.00269 190.780 130 2.097 
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30 10/18/11 0.288 0.00266 188.813 131 2.118 
31 10/19/11 0.277 0.00256 181.602 132 2.203 
32 10/20/11 0.207 0.00191 135.710 133 2.947 
33 10/21/11 0.227 0.00210 148.822 134 2.688 
34 10/22/11 0.238 0.00220 156.033 135 2.564 
35 10/23/11 0.252 0.00233 165.212 136 2.421 
36 10/24/11 0.285 0.00263 186.846 137 2.141 
37 10/25/11 0.262 0.00242 171.768 138 2.329 
38 10/26/11 0.288 0.00266 188.813 139 2.118 
39 10/27/11 0.294 0.00271 192.747 140 2.075 
40 10/28/11 0.293 0.00271 192.091 141 2.082 
41 10/29/11 0.297 0.00274 194.714 142 2.054 
42 10/30/11 0.292 0.00270 191.436 - 2.089 
43 10/31/11 0.297 0.00274 194.714 143 2.054 SAMPLE 
44 11/1/11 0.289 0.00267 189.469 144 2.111 
  
45 11/2/11 0.287 0.00265 188.158 145 2.126 
46 11/3/11 0.295 0.00272 193.402 146 2.068 
47 11/4/11 0.292 0.00270 191.436 147 2.089 
48 11/5/11 0.291 0.00269 190.780 148 2.097 
49 11/6/11 0.296 0.00273 194.058 149 2.061 
50 11/7/11 0.305 0.00282 199.958 150 2.000 
51 11/8/11 0.292 0.00270 191.436 151 2.089 SAMPLE 
52 11/9/11 0.287 0.00265 188.158 152 2.126 
  
53 11/10/11 0.29 0.00268 190.124 153 2.104 
54 11/11/11 0.304 0.00281 199.303 154 2.007 
55 11/12/11 0.291 0.00269 190.780 155 2.097 
56 11/13/11 0.273 0.00252 178.979 156 2.235 
57 11/14/11 0.285 0.00263 186.846 157 2.141 
58 11/15/11 0.28 0.00259 183.568 158 2.179 
59 11/16/11 0.281 0.00259 184.224 159 2.171 
60 11/17/11 0.281 0.00259 184.224 160 2.171 
61 11/27/11 0.301 0.00278 197.336 161 2.027 SAMPLE 
62 11/28/11 0.297 0.00274 194.714 162 2.054 
  
63 11/29/11 0.3 0.00277 196.680 163 2.034 
64 11/30/11 0.293 0.00271 192.091 164 2.082 
65 12/1/11 0.294 0.00271 192.747 165 2.075 
66 12/2/11 0.287 0.00265 188.158 166 2.126 
67 12/3/11 0.292 0.00270 191.436 167 2.089 
68 12/4/11 0.299 0.00276 196.025 168 2.041 SAMPLE 
69 12/5/11 0.296 0.00273 194.058 169 2.061 
  70 12/6/11 0.29 0.00268 190.124 170 2.104 
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71 12/7/11 0.711 0.00657 466.133 - 0.858 
72 12/8/11 0.664 0.00613 435.319 - 0.919 
73 12/9/11 0.294 0.00271 192.747 171 2.075 
74 12/10/11 0.293 0.00271 192.091 172 2.082 
75 12/11/11 0.292 0.00270 191.436 173 2.089 
76 12/12/11 0.291 0.00269 190.780 174 2.097 
77 12/13/11 0.295 0.00272 193.402 175 2.068 
78 12/14/11 0.298 0.00275 195.369 176 2.047 
79 12/15/11 - - - - - 
80 12/16/11 - - - - - 
81 12/17/11 0.297 0.00274 194.714 179 2.054 
82 12/18/11 0.296 0.00273 194.058 180 2.061 
83 12/19/11 0.286 0.00264 187.502 181 2.133 
84 12/20/11 0.288 0.00266 188.813 182 2.118 
 
Table A8. Atomic concentration (atoms element/atoms PA) data from membrane exposure 
to natural seawater disinfected with 2 mg/L NH2Cl as Cl2 of monochloramine. 
Description PA 
Day RBS # 
Layer 
thickness 
[atoms/cm2] 
%C %O %N %H %Cl %Br %I 
21 2 950 0.48 0.085 0.061 0.365 0.0011 0.0080 0.00015 
43 6 1200 0.42 0.084 0.056 0.431 0.001 0.0078 0.00014 
51 16 950 0.43 0.083 0.061 0.415 0.0011 0.0097 0.00013 
61 22 900 0.45 0.089 0.06 0.388 0.0015 0.0118 0.00016 
68 26 950 0.45 0.087 0.058 0.392 0.0014 0.0118 0.00016 
0  10 1100 0.42 0.092 0.055 0.432 0.0011 0.0000 0 
 
Table A9.  Concentration data by weight (g element/g PA) from membrane exposure to 
natural seawater disinfected with 2 mg/L NH2Cl as Cl2 of monochloramine. 
Description PA 
Day RBS # denominator=∑ (εi × Mi ) %C %O %N %H %Cl 
21 2 8.378 0.688 0.1623 0.1019 0.0435 0.0047 
43 6 7.635 0.660 0.1760 0.1027 0.0565 0.0046 
51 16 7.794 0.662 0.1702 0.1096 0.0533 0.0050 
61 22 8.105 0.666 0.1757 0.1036 0.0478 0.0066 
68 26 8.045 0.671 0.1730 0.1009 0.0487 0.0062 
0 10  7.753 0.650 0.1899 0.0993 0.0557 0.0050 
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Table A10.  Molar concentration data from membrane exposure to natural seawater 
disinfected with 2 mg/L NH2Cl as Cl2 of monochloramine. 
Description PA 
Day RBS # [mol Br /g PA] [mol I /g PA] density [g Pa/L] mol Br/L mol I/L 
21 2 6.41E-04 1.20E-05 1240 0.795 0.015 
43 6 6.29E-04 1.13E-05 1240 0.780 0.014 
51 16 7.80E-04 1.05E-05 1240 0.968 0.013 
61 22 9.41E-04 1.28E-05 1240 1.167 0.016 
68 26 9.44E-04 1.28E-05 1240 1.170 0.016 
0 10 0.00E+00 0.00E+00 1240 0.000 0.000 
